ABSTRACT Plant cell walls are complex structures composed of high-molecular-weight polysaccharides, proteins, and lignins. Among the wall polysaccharides, cellulose, a hydrogen-bonded b-1,4-linked glucan microfibril, is the main load-bearing wall component and a key precursor for industrial applications. Cellulose is synthesized by large multi-meric cellulose synthase (CesA) complexes, tracking along cortical microtubules at the plasma membrane. The only known components of these complexes are the cellulose synthase proteins. Recent studies have identified tentative interaction partners for the CesAs and shown that the migratory patterns of the CesA complexes depend on phosphorylation status. These advances may become good platforms for expanding our knowledge about cellulose synthesis in the near future. In addition, our current understanding of cellulose chain polymerization in the context of the CesA complex is discussed.
INTRODUCTION
Plant cells are encased by cell walls, which do not only provide rigidity and strength to the plant body, but also protect the plant against environmental stresses (Somerville et al., 2004) . Growing cells continuously manufacture cell wall material, which may differ depending on the spatial arrangement and the developmental context of the individual cells. However, as a rough estimate, there exist two major types of cell walls in plants: the primary and the secondary cell wall, clearly distinguished by structure, composition, and function (Carpita and McCann, 2000) . Primary cell walls are initiated during cell division and are reinforced during cell growth (Sá nchezRodríguez et al., 2010) . The primary walls are mainly composed of the carbohydrate-based polymers cellulose, hemicelluloses, and pectins, and heavily glycosylated proteins. The interactions of these components are modulated by enzymatic activities and ion distributions, which make the primary walls strong, but also plastic. After cessation of cell growth, secondary cell walls are deposited inside of the primary walls in certain cell types, such as fibers and tracheary elements. The rigid secondary walls settle the shape and mechanical characteristics of plants and typically comprise cellulose, hemicelluloses, and the phenolic polymer lignin (Turner et al., 2007) .
Cellulose is generally the main component in the plant cell walls, and is made of parallel unbranched b-1,4-glucan chains that form microfibrils through extensive inter-and intramolecular hydrogen bonds and Van der Waals forces. The cellulose microfibrils consist of well packed, long hydrogen-bonded stretches of crystalline cellulose and less ordered amorphous regions. Hemicelluloses, such as xyloglucans, can become physically interlaced in the latter regions, but also cross-link the cellulose microfibrils via hydrogen bonds (Hayashi, 1989) . The backbone of the hemicellulosic polymers consist of b-1,4-linked structures, which often are decorated with side branches. These polymers include xyloglucans, xylans, mannans, and glucomannans, but also b-(1,3-1,4)-mixed linked glucans, which are restricted to Poales and a few other plant groups (Scheller and Ulvskov, 2010) . The third group of cell wall polysaccharides is the highly diverse and complex pectic polymers (Mohnen, 2008) . These polymers are characterized by backbone structures enriched in galaturonic acids, or rhamnose interspersed with galacturonic acids, and can be decorated with quite complex sidechain structures (Mohnen, 2008) .
Hemicellulosic and pectic precursor oligomers are produced in the Golgi apparatus and are then secreted to the plasma membrane via exocytosis (Geisler et al., 2008; Sandhu et al., 2009 ), while cellulose is synthesized at the plasma membrane. Recent reviews have described the structure, biosynthesis, and function of hemicellulose and pectins and we refer the readers for detailed information to these publications (Caffall and Mohnen, 2009; Wolf et al., 2009; Burton et al., 2010; Harholt et al., 2010; Scheller and Ulvskov, 2010) .
Although polysaccharides make up the biggest portion of the cell wall, this compartment also holds many proteins (Albenne et al., 2009) . A relatively well defined group of proteins, located in plant cell walls, are structural glycoproteins such as hydroxyproline-rich glycoproteins (HRGP), proline-rich proteins (PRPs), glycine-rich proteins (GRPs), and arabinogalactan proteins (AGP; Seifert and Roberts, 2007) . The function of these proteins is not well understood. However, it is likely that the glycan moieties of the proteins can form hydrogen bonds and salt bridges to cell wall polysaccharides, and thereby perhaps provide mechanical strength to the wall.
Many aspects of cellulose synthesis have already been reviewed (Somerville, 2006; Taylor, 2008; Crowell et al., 2010; Guerriero et al., 2010; Harris et al., 2010; Liepman et al., 2010; Sá nchez-Rodríguez et al., 2010; Wightman and Turner, 2010) . Here, we highlight the most recent insights into primary and secondary wall cellulose biosynthesis, with the focus mainly set on Arabidopsis.
THE CELLULOSE SYNTHASE MACHINERY
Cellulose is synthesized by large multi-meric protein complexes that can be visualized as hexameric rosette-like structures in plasma membrane freeze etches (Brown, 1996) . The rosettes, approximately 20-30 nm in diameter, are proposed to comprise six globular complexes, which have been shown to hold CesA proteins by immuno-gold labeling (Kimura et al., 1999) . Each of the globular complexes is in turn proposed to hold up to six CesA proteins that are believed to be the catalytic subunits of the complex. This model implies that each rosette simultaneously synthesizes 36 (6 3 6) individual glucan chains that are extruded into the extracellular space, assuming that the catalytic domain faces the cytoplasm. These assumptions are compatible with the size measured for most microfibrils of primary cell walls (Delmer, 1999) . However, other data suggest that 18 or fewer individual glucan chains form microfibrils (Chanzy et al., 1978; Ha et al., 1998; Kennedy et al., 2007) .
The Arabidopsis genome holds 10 CesA genes (CesA1-10) that encode proteins with homology to bacterial cellulose synthases (Pear et al., 1996) . The function of the CesA proteins was first indicated by the identification and characterization of the temperature-sensitive radial swelling mutant (rsw1) that holds reduced cellulose when grown under restrictive temperatures due to an amino acid substitution in CesA1 (Arioli et al., 1998) . So far, CesA1, CesA3, CesA6, CesA2, CesA5, and CesA9 (Arioli et al., 1998; Fagard et al., 2000; Scheible et al., 2001; Desprez et al., 2002; 2007; Persson et al., 2007) have been associated with the CesA complexes active during primary wall formation, while CesA4, CesA7, and CesA8 have been reported to be part of the CesA complex responsible for secondary wall cellulose synthesis (Turner and Somerville, 1997; Taylor et al., 1999; 2003) . However, the exact number and the stoichiometry of CesAs in the primary and secondary wall CesA complexes are still obscure. In addition, the role of the remaining CesA family member, CesA10, is at this point not clear.
The suggestion that the CesA complexes contain CesA proteins has been corroborated using a range of molecular techniques, including co-immuno precipitation, split-ubiquitin assays, and through genetic evidences (Somerville, 2006) . However, the rosette-like structure at the plasma membrane appears to represent only a small part of the CesA complex, as each complex also is associated with a hexagonal cytoplasmic domain of 45-50 nm in diameter (Bowling and Brown, 2008) . The components belonging to this cytosolic domain are currently unknown. However, recent studies have proposed candidate proteins that may interact with the CesA complexes (Fujii et al., 2010; Gu et al., 2010; Song et al., 2010) .
THE PRIMARY CELL WALL CELLULOSE SYNTHASE COMPLEX
Mutants deficient in primary wall cellulose synthesis are generally characterized by dwarfism, sterility, short and swollen etiolated hypocotyls, ectopic accumulation of lignin, and reduced root elongation (e.g. Hauser et al., 1995; Nicol et al., 1998; Schindelman et al., 2001) . Based on these phenotypes, a wide range of mutants affected in primary wall cellulose synthesis have been isolated in forward genetic screens, and account for much of our present understanding of how primary wall cellulose production contributes to plant growth.
While it was anticipated that the primary wall CesA complex consists of three CesA subunits, namely CesA1, CesA3, and CesA6, it was only recently experimentally confirmed. Using co-immunoprecipitation, CesA1, CesA3, and CesA6 were identified as parts of the primary wall CesA complex (Desprez et al., 2007) . Within this complex, the two subunits CesA1 and CesA3 appear to have unique functions, since null mutations of the genes are gametophytic lethal (Persson et al., 2007) . In contrast, mutations in CesA6 (procuste, prc1-1) are characterized by relatively mild phenotypes, such as reduced root and etiolated hypocotyl growth (Fagard et al., 2000) . Two studies subsequently demonstrated that the weak phenotype of prc1-1 is due to functional redundant roles of CesA2 and CesA5 (CesA6-related) with CesA6 (Desprez et al., 2007; Persson et al., 2007) . However, when a CesA2 or CesA5 cDNA was expressed under a CesA6 promoter in prc1-1, the phenotype was only partially restored (Desprez et al., 2007; Persson et al., 2007) . These studies therefore concluded that the CesA2, CesA5, and CesA6 are only partially functionally redundant. It is plausible that these more specialized functions play roles during certain developmental or environmental conditions (Mutwil et al., 2008) . Consistent with such a scenario, the CesA6-related CesAs only exhibit partially overlapping expression patterns (Persson et al., 2007) . Similar to CesA2 and CesA5, the CesA9 also display sequence similarities to CesA6. Genetic evidence suggests that this isoform indeed is redundant to the CesA6-related CesAs, and that the main contribution would be during floral development (Persson et al., 2007) . However, a recent study suggests that this protein, at least in seeds, is rather associated with secondary wall cellulose synthesis than being active in the primary wall (Stork et al., 2010) , perhaps setting the stage for a more complex picture of which CesA isoforms belong to which CesA complex.
THE SECONDARY CELL WALL CELLULOSE SYNTHASE COMPLEX
Similarly to the primary wall CesA complex, much of the early discoveries regarding the CesA complex involved in secondary wall cellulose synthesis were made through forward genetic screens. A major breakthrough was the identification of the secondary wall CesAs provided by Turner and Somerville (1997) , when they presented the mutants irregular xylem (irx) 1, 3, and 5, which corresponded to CesA8, CesA7, and CesA4. These mutants are characterized by collapsed xylem vessels, and the stems of the mutants hold approximately 70% lower levels of cellulose compared to wild-type plants (Turner and Somerville, 1997; Taylor et al., 1999; 2003) . In contrast to the primary wall CesA complex, the three secondary wall CesA subunits appear to contribute equally to the function of the complex in xylem vessels, indicating that the subunits are unique and can not substitute for each other (Gardiner et al., 2003) . Interestingly, a spilt-ubiquitin assay and bimolecular fluorescence complementation analysis in tobacco suggest that all CesA subunits responsible for secondary wall formation can interact with each other, but only the CesA4 subunits are able to form homodimers (Timmers et al., 2009 ). These results suggest that the CesA4 subunit links the different complexes together in the rosette structure. The interaction of the CesAs within the secondary wall complex probably also involves disulfide bonds and non-covalent interactions (Atanassov et al., 2009) .
Recently, Stork et al. (2010) reported a non-redundant role for CesA9 in secondary wall thickening in Arabidopsis seed coats. cesa9 mutant seeds contained 25% less cellulose and the epidermal cell shapes were disturbed in seed coats (Stork et al., 2010) . Mutant seeds displayed deficiencies in the radial walls of the seed coat, but only 10 d after pollination (DAP), when secondary cell walls are first deposited (Western et al., 2000; Windsor et al., 2000) . The authors therefore argued that secondary cell wall production is affected in the cesa9 mutants (Stork et al., 2010) . While it is tempting to speculate that CesA9 is part of a seed-specific secondary wall CesA complex, only circumstantial evidence is currently available. Yeast two-hybridbased approaches or co-immunoprecipitation studies may address the question of whether CesA9 is working in a secondary wall-related complex. While the involvement of CesA9 in seedrelated secondary wall biosynthesis needs further investigation, it is also not clear whether CesA9 is functionally related to CesA6. It will therefore be of interest to determine whether CesA9 can be a part of either the primary or the secondary wall CesA complex, or perhaps both, which may depend on tissue or environmental conditions.
SYNTHESIS OF THE CELLULOSE MICROFIBRILS
Several models for the b-1,4 -glucan chain initiation, elongation, and termination in the CesA complex have been proposed (summarized in Figure 1 ; see also Guerriero et al., 2010) . Sitosterol-b-glucoside have been postulated as primer for cellulose biosynthesis, since this steryl glycoside was copurified with cellulose fragments and could be used as primers for cellulose synthesis in vitro (Peng et al., 2002) . Consistent with these results, sterol synthesis inhibitors and mutations in sterol biosynthesis genes cause defects in cellulose synthesis and deposition, whereas pectins and hemicelluloses are not altered (Schrick et al., 2004) . However, despite the observed association of sitosterol-b-glucoside and cellulose synthesis, mutations in the two UDP-glucose:sterol glucosyltransferases, AtUGT80A2 and AtUGT80B1, which lead to a strong reduction in the steryl glycoside content, did not affect cellulose biosynthesis (DeBolt et al., 2009 ). Nevertheless, the low levels of residual steryl glycosides that persisted in the double mutant might be sufficient to facilitate the priming reaction. The priming function of sitosterol-b-glucoside in cellulose synthesis therefore remains uncertain. An alternative scenario would be that some sterols, such as sitosterol-b-glucoside, rather provide a favorable membrane environment for cellulose production than acting as primers (Schrick et al., 2004) . Interestingly, CesAs and cellulose synthase activity is enriched in detergentresistant membranes, where sitosterol-b-glucoside is the major CesA complexes, here depicted as a rosette-like structure and a large cytoplasmatic domain, use UDP-Glc as the activated sugar donor for the b-1,4 glucan chain polymerization. UDP-Glc can be synthesized either by sucrose synthase (SuSy) or UDP-glucose pyrophosphorylase (UGPase). Phosphorylated (P) plasma membrane-bound forms of SuSy are implicated in carbon supply for cellulose production. SuSy was also described as a part of a large soluble catalytic domain of the CesA complexes (proposed by Fujii et al., 2010) . SuSy is mainly expressed in sink tissues, while UGPase and SuSy are probably active in source and sink tissues. Invertases were proposed to provide carbon for cellulose production in non-photosynthetic cells (Barratt et al., 2009) . Steryl glycosides may act as primers to initiate the cellulose polymerization (proposed by Peng et al., 2002) and/or these sterols may positively influence the membrane environment for cellulose synthesis (proposed by Schrick et al., 2004). sterol, supporting the notion that these steryl glycosides are an important structural component for the cellulose synthase machinery (Bessueille et al., 2009) .
CesA catalytic subunits most likely use UDP-glucose (UDPGlc) as substrate to polymerize the b-1,4-glucan chain. UDPGlc can be synthesized by SuSy (sucrose + UDP 4 UDP-Glc + fructose; Figure 1 ). Membrane-bound forms of SuSy have been identified (Amor et al., 1995) and some SuSys have been localized to the plasma membrane and cell walls, where cellulose biosynthesis takes place Albrecht and Mustroph, 2003; Salnikov et al., 2003; Persia et al., 2008) . These results suggest that SuSys are involved in cellulose production by channeling UDP-Glc to the catalytic subunits of the complex. Recently, Fujii et al. (2010) succeeded in isolating plasma membrane-associated protein fractions of Azuki bean epicotyls that exhibit an in vitro b-1,4-glucan synthase activity. Using electron microscopy, granulates of 9.5-10 nm in size were observed in these detergent-soluble fractions and fibrils of b-1,4-glucan chains could be visualized close to the granulates, suggesting that the granular particles are catalytic subunits for cellulose biosynthesis. These granulates contained a SuSy homolog (Fujii et al., 2010) . However, detergent-insoluble fractions contained rosette-like structures, reminiscent of the CesA containing rosettes. Surprisingly, b-1,4-glucan chain synthase activity could only be detected in these fractions after addition of the detergentsoluble fractions. Therefore, the authors proposed that the rosette-like structures represent a scaffold or structural unit for the detergent-soluble catalytic subunit and that the two fractions together represent a functional cellulose synthase machinery. It will be of great interest to see whether other proteins, besides SuSy, also can be detected in these fractions. However, these results are in conflict with observed cellulose synthase activity in detergent-resistant membranes (DRMs), possibly associated with a 57-kDa proteolytic CesA version (Bessueille et al., 2009 ).
Overexpression of a cotton SuSy gene in poplar resulted in increased cellulose synthesis, supporting the idea of a direct connection between sucrose supply, its breakdown, and cellulose production through the activity of SuSy (Coleman et al., 2009) . In these poplar transformants, the biomass production was not affected and therefore these cellulose-enriched transgenic plants may be of interest for industrial applications. The positive effect on cellulose production appeared to be dependent on the SuSy isoform used, since overexpression of another mung bean SuSy isoform in poplar did not increase the amount of cellulose (Konishi et al., 2004) , and another study in pea indicated that different SuSy isoforms are associated with different metabolic fates of sucrose (Barratt et al., 2001) .
Unexpectedly, an Arabidopsis quadruple sus1 sus2 sus3 sus4 mutant, lacking SuSy activity in all cell types except of the phloem, is indistinguishable from wild-type plants (Barratt et al., 2009 ). In addition, the production of cellulose is not disturbed, indicating that SuSy is not a compulsory requirement for cellulose production. Since the levels of UDP-Glc in this quadruple mutant were not altered, it appears plausible that other metabolic pathways provide sufficient amounts of UDP-Glc in the absence of SuSy activity. Barratt et al. (2009) speculated that invertases, catalyzing the hydrolysis of sucrose to glucose and fructose (Figure 1 ), substitute for SuSy in nonphotosynthetic cells. A double mutant between the two main cytosolic invertases in roots, INV1 and INV2, was therefore generated. Mature double mutant plants were smaller than control plants. In addition, the root growth of mutant seedlings was strongly reduced but could be partially recovered by addition of sugars to the media (Barratt et al., 2009 ). Based on these results, it was suggested that the abnormal root growth is due to a lack of substrate availability for cell wall synthesis. The cytosolic invertases may therefore be a primary route by which carbon from sucrose is supplied to non-photosynthetic cells (Barratt et al., 2009 ). However, no measurement of cell wall components is currently available for the inv1 inv2 double mutant plants.
Besides SuSy, cytosolic UDP-Glc pyrophosphorylases (UGPases) catalyze the synthesis of UDP-Glc (glucose-1-phosphate + UTP 4 UDP-Glc + pyrophosphate; Figure 1 ). SuSy is highly expressed in sink tissues ) and hence it is believed that SuSy is the main factor for UDPGlc in these tissues, while both UGPase and SuSy are involved in the synthesis of UDP-Glc in source tissues. The importance of UGPases in supplying plants with UDP-Glc for cellulose production was supported by a study of an ugp1 ugp2 double mutant (Park et al., 2010) . These genes encode two putative UGPases in Arabidopsis. The ugp1 ugp2 double mutants displayed growth defects and down-regulation of different CesA transcripts. However, similarly to the invertase study discussed above, no analysis of the cell wall constituents was reported and it is therefore difficult to assess the impact on cellulose production in the double mutant. When an UGPase was overexpressed in hybrid poplar, an increase in cell wall cellulose content was observed, but at the expense of plant growth (Coleman et al., 2007) . However, overexpression of UGPases in tobacco did not change cellulose production (Coleman et al., 2006) . Therefore, the role of the UGPases in cellulose biosynthesis remains to be determined.
REGULATION OF CELLULOSE SYNTHESIS
Induction of secondary wall synthesis in Zinnia elegans and Arabidopsis cell cultures (Demura et al., 2002; Kubo et al., 2005) has identified several transcriptional regulators for secondary wall production. Several MYB and NAC (for NAM, ATAF1/2, and CUC2) transcription factors have been identified as key transcriptional regulators (Kubo et al., 2005; Zhong et al., 2006; Mitsuda et al., 2007; Zhong et al., 2007) . In particular, the NAC transcription factors vascular-related NAC domain 6 and 7 (VND6 and 7), secondary wall-associated NAC domain protein1 (SND1), and NAC secondary wall thickening promoting factor 1 and 2 (NST1 and 2) represent a core set of master regulators of secondary cell wall formation. In a recent report, Zhong et al. (2010) reported the global identification of target genes for SND1 and VND7, and found many genes associated with secondary wall synthesis and modification, and with programmed cell death. Although the secondary wall CesA genes were not among the identified direct target genes, several genes involved in the formation of the hemicellosic polymer xylan appeared to be targeted (Zhong et al., 2010) . However, several of these NAC master regulators have been shown to directly regulate a group of MYB transcription factors, which may, in turn, activate the secondary wall CesA genes.
Apart from transcriptional regulation, a recent report has shown that phosphorylation of one of the primary wall CesAs, CesA1, regulates the motility of the CesA complex and therefore also affects cellulose deposition (Chen et al., 2010) . In this study, six phosphorylation sites in CesA1, previously identified in a plasma membrane-based phosphoproteomic approach (Nü hse et al., 2004) , were mutated to alanine (A) or glutamate (E) by site-directed mutagenesis to eliminate or mimic the phosphorylation, respectively. Several of the introduced mutated proteins (S162E, T165E, T166A, S167E, S686A, and S688A) could not fully recover the phenotype of the cellulose-deficient mutant rsw1 (Arioli et al., 1998) . In wild-type seedlings, CesA particles typically move with similar velocities in opposing directions along tracks of cortical microtubules (Paredez et al., 2006) . However, this was not the case in seedlings producing the mutated CesA1s, namely the complexes displayed asymmetry in their bidirectional movements (Chen et al., 2010) . These mutated CesA1s (S162E, T165E, T166A, S167E, S686A, and S688A) could not recover the rsw1 mutant phenotype. In contrast, in mutated CesA1 lines that did recover the rsw1 phenotype, CesA particles moved with similar velocities in opposing directions. Disruption of microtubules removed the asymmetric CesA movement in the mutants, suggesting a phosphorylation-dependent interaction between the primary wall CesA complex and the microtubules (Chen et al., 2010) . Future work may determine the concerted action of these phosphorylation sites not only in CesA1, but perhaps also between the different CesA subunits. Global phosphoproteomic analyses have detected phosphorylation sites also in CesA2 (S715, T718) and CesA5 (S229, S230; Nü hse et al., 2004; Benschop et al., 2007; Nü hse et al., 2007; Reiland et al., 2009 ). In addition, two phosphorylation sites have been detected in the hypervariable region of the secondary wall CesA7, and it has been proposed that these phosphorylation sites control the degradation of CesA7 via a proteasomedependent pathway (Taylor, 2007) .
It is tempting to speculate that some of the recently discovered receptor-like kinases that affect cellulose production, such as THESEUS1 (Hé maty et al., 2007) , FEI1, and FEI2 (Xu et al., 2008) , may contribute to these phosphorylations. However, their underlying signaling network, and thus their control of cellulose production, is not yet known.
CELLULOSE SYNTHESIS AND THE CYTOSKELETON
The cellulose synthase machinery has long been associated with the cytoskeleton. Disruption of the microtubules, such as by treatment with colchicine, leads to unusual cell expansion (Green, 1962) . This, together with the observation that cellulose microfibrils and microtubules align, gave rise to the microtubule-microfibril alignment hypothesis (Ledbetter and Porter, 1963) . Although the alignment hypothesis became controversial over the years, mainly because of the absence of the correlation in certain cell types Sugimoto et al., 2003) , live cell imaging convincingly showed that fluorescently labeled CesA particles tracked along cortical microtubules (Paredez et al., 2006) . This study provided substantial evidence for the microtubule-microfibril alignment hypothesis.
While CesA particles normally are observed to move along linear tracks oriented transversely to the growth axis, they appear to follow a rotary movement across cells in light-grown hypocotyl cells (Chan et al., 2010) . Interestingly, Chan and coworkers previously reported slow clockwise and anticlockwise track rotations of microtubules (Chan et al., 2007) . Hence, it appears that the microtubule rotary movement is guiding the rotary movements of the linear CesA trajectories. Treatment with taxol, a microtubule-stabilizing drug, did not affect the rate of cellulose synthase movement along the linear tracks, but did block the rotation of the tracks (Chan et al., 2010) . This observation suggests that the rotary movement of the microtubules guides the rotation of the CesA tracks and that this may be essential for the formation of cross-polylamellated epidermal walls.
Not only the microtubules, but also the actin cytoskeleton is important for cellulose synthesis (Wightman and Turner, 2008; Crowell et al., 2009; Gutierrez et al., 2009 ). While it is not known where the CesA complex assembles, intact complexes can be detected in the Golgi (Haigler and Brown, 1986) . Secondary wall CesA-containing Golgis move along thick longitudinal actin bundles (Wightman and Turner, 2008) , similar to that which was recently found also for the primary wall CesAs (Crowell et al., 2009; Gutierrez et al., 2009 ). Consequently, disruption of the actin cytoskeleton resulted in aggregation and reduced motility of the primary wall CesA-containing Golgi bodies, and in an uneven distribution of CesA complexes at the plasma membrane. Thus, the actin cytoskeleton is central for the distribution of CesA complexes in the cell (Crowell et al., 2009; Gutierrez et al., 2009) , but, at this point, the interplay between the actin and microtubule cytoskeleton is unclear in plant cells (Szymanski, 2009) . Transverse actin fibers probably mark the site of Golgi delivery of CesA complexes in xylem vessels (Wightman and Turner, 2008) . However, a similar relationship for the primary wall CesA complexes has not been reported.
Delivery of the CesA complexes can occur directly from Golgi bodies to the plasma membrane-an insertion that coincides with cortical microtubules (Gutierrez et al., 2009) . In addition, unknown sub-cellular compartments, containing CesA complexes, were frequently associated with microtubules. These compartments were named either small cellulose synthase compartments (SmaCCs; Gutierrez et al., 2009) or microtubule-associated cellulose synthase compartments (MASCs; Crowell et al., 2009) . Osmotic stress and treatments with cellulose synthesis inhibitors lead to a loss of CesA complexes at the plasma membrane and an accumulation of SmaCCs/MASCs (Crowell et al., 2009; Gutierrez et al., 2009 ). Based on these results, two different interpretations were presented: (1) SmaCCs/MASCs are delivery compartments that accumulate when the insertion of the CesA complexes is prevented (Gutierrez et al., 2009) and (2) these compartments are intracellular stores responsible for the internalization of the complexes (Crowell et al., 2009) . Resolving this issue may lead to a deeper understanding for the delivery mechanisms of the CesAs to the plasma membrane.
COMPONENTS ASSOCIATED WITH THE CesA COMPLEXES
Many genes that are co-expressed with the primary and secondary wall CesA genes affect cellulose production (Brown et al., 2005; Persson et al., 2005) . One example is the newly discovered cellulose synthase-interactive protein 1 (CSI1; Gu et al., 2010) . The CSI1 gene is co-expressed with the primary wall CesA genes and was also found to interact with at least CesA1 and CesA6 in a yeast two-hybrid screen. Furthermore, csi1 mutant seedlings contained reduced cellulose levels and the activity of the CesA complexes, as estimated by a fluorescently tagged CesAs at the cell cortex, was decreased (Gu et al., 2010) . CSI1 encodes a large plant-specific protein consisting of 10-20 predicted Armadillo repeats-a sequence motif known to participate in protein-protein interaction (Hatzfeld, 1999) and in many cases involving cytoskeletal interactions (Tewari et al., 2010) . The protein also contains a C2 binding domain at the C-terminus, which may be involved in targeting the protein to membranes or participate in protein-protein interactions (Davletov and Sü dhof, 1993; Benes et al., 2005) . Based on sequence predictions, it is unlikely that CSI1 execute any enzymatic function. Instead, it appears that the protein may constitute a scaffold between the CesA complex and some other, as yet, unknown components, or perhaps that the protein is involved in the delivery of CesA complexes to the plasma membrane (Figure 2) . A tractable suggestion is that CSI1 could mediate a connection between the CesA complexes and the microtubules (Figure 2 ). CSI1 could in this scenario either be linked directly or indirectly to the microtubules. An indirect link could be facilitated by certain microtubule associated proteins (MAPs), such as by a homolog to the secondary wall MAP20 that bind to the cellulose synthase inhibitor 2,6-dichlorobenzonitrile in vitro (Rajangam et al., 2008) . Further protein-protein interaction studies of CSI1 are necessary to reveal whether it also interacts with the microtubules or with specific MAPs. Furthermore, fluorescence recovery after photobleaching (FRAP) experiments, using csi1 mutants expressing a fluorescent-labeled CesA, will be helpful to investigate whether the CesA insertion into the plasma membrane is disturbed.
The expression of the tracheary element differentiation-related (TED) genes, TED6 and TED7, is induced after xylem vessel induction in Zinnia elegans cell cultures, similar to the secondary wall CesA genes, and may thus be associated with secondary wall synthesis. Indeed, TED6 was shown to interact with IRX3/CesA7 (Endo et al., 2009 ). Down-regulation of TED6 and TED7 expression, using RNA interference (RNAi) silencing, delayed the tracheary element differentiation in cultured Zinnia cells and also affected the formation of root vessel elements in Arabidopsis (Endo et al., 2009 ). TED6 and TED7 are both type I membrane proteins of an unknown function, and their exact role in secondary wall cellulose production remains unclear. Interestingly, in a recent co-immunoprecipitation analysis using Populus xylem tissue, Song and co-workers (2010) found that two different putative CesA complexes are associated with xylem formation. In addition, the approach also identified several proteins apart from the CesAs, including KORRI-GAN, sucrose synthase (SuSy), COBRA-like proteins, and cytoskeleton-related proteins (Song et al., 2010) . Based on the current understanding of cellulose synthesis, it is likely that several of these proteins could influence the synthesis. Curiously, only the CesA proteins were identified in related approaches using either co-immunoprecipitation or pull-down of epitope-tagged CesAs (Desprez et al., 2007; Atanassov et al., 2009) . While it is difficult to explain the differences between these analyses, it may be that the use of alternative sources of material and/or analytical techniques provides the means to detect additional interactants. However, it is important to note that these interactions have not yet been confirmed using other approaches.
OTHER COMPONENTS AFFECTING CELLULOSE PRODUCTION
Apart from the CesAs, several other proteins have been implemented in cellulose production, such as KORRIGAN (KOR), CO-BRA (COB), KOBITO1 (KOB1), and chitinase-like protein 1 (CTL1/POM1), but the specific function of these proteins during cellulose deposition remains elusive. So far, none of the proteins has been associated directly with the CesA complex, and the effects on cellulose synthesis may therefore be indirect.
KOR encodes a putative endo-b-(1-4)-glucanase with a single predicted transmembrane domain (Nicol et al., 1998) . Recently, it was shown that Arabidopsis plants overexpressing an aspen homolog of KOR had increased cellulase activity in muro (Takahashi et al., 2009) . Mutations in KOR result in a strong reduction in cellulose content in primary (Lane et al., 2001; Sato et al., 2010) and secondary cell walls (Szyjanowicz et al., 2004) , and in reduced velocity of the primary wall CesA complex (Paredez et al., 2008) . Several functions have been proposed for KOR in the context of cellulose production, such as (1) release of newly synthesized cellulose microfibrils (Szyjanowicz et al., 2004) , (2) removal of a primer from the growing cellulose chain (Peng et al., 2002) , and (3) alteration of the crystalline properties of microfibrils (Szyjanowicz et al., 2004; Takahashi et al., 2009) .
COB is predicted to be a glycosyl-phosphatidyl inositol (GPI)-anchored protein localized to the extracellular side of the plasma membrane (Roudier et al., 2005) . Mutations in COB affect anisotropic cell expansion in roots and hypocotyls (Benfey et al., 1993; Schindelman et al., 2001) , and cob mutants contain lower levels of crystalline cellulose in the root elongation zone (Schindelman et al., 2001) . The remaining cellulose microfibrils displayed disturbed orientation in the mutants and it was proposed that COB primarily affects microfibril deposition during rapid cell elongation (Roudier et al., 2005) . However, no enzymatic activity is currently associated with COB. Related gene family members, referred to as the cobra-like proteins, are also expected to be associated with cellulose synthesis. For example, COBL4 was shown to be a factor affecting cellulose content in secondary cell walls in Arabidopsis (Brown et al., 2005) and rice (Li et al., 2003; Sato et al., 2010) . In addition, mutations in COBL9 affect the root architecture and lead to swollen and short root hairs (Jones et al., 2006) -phenotypes that may be explained by compromised cell wall deposition.
CTL1 was originally identified through pom1, a mutant with abnormal cell expansion in roots (Hauser et al., 1995) . Further publications showed that mutations in CTL1/POM1 result in reduced etiolated hypocotyl elongation and in root swelling (Reed et al., 1998; Mouille et al., 2003) . Abiotic stress appears to affect the mutants, since root development is disturbed on media containing high nitrate, sucrose, and chloride concentrations (Hermans et al., 2010) . Incomplete cell walls and a strong reduction in cellulose content were observed in ctl1 mutants (Zhong et al., 2002; Mouille et al., 2003) . The name CTL1 is based on sequence similarities to chitinases. However, several reports have been unable to detect chitinase activity of heterologously expressed CTL1 proteins (Zhong et al., 2002; Hermans et al., 2010 ) and plants do not normally produce chitin. While this does not rule out that CTL1 may have chitinase-related activities in vivo, other studies have shown that several amino acids that may be crucial for chitinase activity differ in CTL1 compared to classical chitinases (Passarinho and de Vries, 2002; Zhang et al., 2004) .
Another gene product essential for cellulose production is KOB1, a plant-specific protein with no homology to proteins with known functions (Pagant et al., 2002) . Mutations in KOB1 cause a vigorous phenotype, such as plants are sterile, dwarfed, and contain 33% less crystalline cellulose as compared to wild-type (Pagant et al., 2002; Lertpiriyapong and Sung, 2003) . However, many details regarding KOB1 need clarification. For example, three sub-cellular localizations of the protein have been reported, namely in the plasma membrane and unknown internal structures (Pagant et al., 2002) , the cell wall (Lertpiriyapong and Sung, 2003) , and punctuated structures within the cytoplasm (Brocard-Gifford et al., 2004) . KOB1 has also been associated with ABA, since an allele of kob1, abi8, was described to be hyposensitive to ABA and high sugar concentrations (Brocard-Gifford et al., 2004) . However, the specific function of the protein, with regards to both cellulose synthesis and ABA signaling, remains unknown.
CELLULOSE AND OTHER CELL WALL POLYMERS
The different cell wall components interact with each other to form a strong and, in the case of the primary wall, extensible wall network. For example, xyloglucan, which is the most abundant hemicellulose in primary walls of spermatophytes except grasses, can interact with cellulose microfibrils (Scheller and Ulvskov, 2010) . Xyloglucans consist of a 1,4-b-linked glucan backbone with 1,6-a-xylosyl residues, which can be further substituted with galactosyl-and fucosyl-galactosyl residues (Hayashi, 1989) . This polymer can interact with cellulose microfibrils either by becoming entrapped in the amorphous regions of the cellulose microfibrils during synthesis or by forming multiple hydrogen bonds with the microfibrils (Scheller and Ulvskov, 2010) . These interactions provide a cellulose-xyloglucan network in primary walls (Fry and Miller, 1989; Hayashi, 1989) and may prevent self-association of the microfibrils (Thompson, 2005) .
Besides playing an important structural role, xyloglucan fragments can also act as signaling molecules, which indirectly may affect the cellulose-xyloglucan network. For example, xyloglucan breakdown is induced in elongating cells after exposure to the growth hormone auxin, resulting in the release of xyloglucan fragments (Cosgrove, 2005) . Auxin mediates acidification of the apoplast by activation of plasma membrane-localized proton pumps (H + -ATPase). The decreased apoplastic pH further results in the activation of the pHdependent wall-loosening proteins expansins (Cosgrove, 1989) in a process referred to as 'the acid growth hypothesis'. How exactly the expansins catalyze the enlargement of the wall is unclear but significant mechanical effects on artificial cellulose-xyloglucan networks have been shown (Chanliaud et al., 2004) . Interestingly, addition of certain xyloglucan fragments, or oligosaccharins, promoted pea stem elongation also in the absence of auxin (McDougall and Fry, 1990) , perhaps suggesting that the xyloglucan fragments stimulate either expansins or other apoplastic proteins that can modulate the cellulose-xyloglucan network.
Cellulose may also interact with pectic polymers. The carboxyl groups of certain pectic precursors are methylated during synthesis in the Golgi apparatus. After secretion, the methylated carboxyl groups become partially demethylated and can then form ionic interactions with other pectin polymers (Ridley et al., 2001; Willats et al., 2001) . In vitro analysis with Acetobacter cellulose microfibrils and pectin revealed that the two components interacted, and that the affinity of the binding was dependent on the methylation ratio of pectin (Chanliaud and Gidley, 1999) . In addition, arabinan, which is a side chain of certain pectins, could also interact with cellulose in vitro (Iwai et al., 2001; Vignon et al., 2004; Zykwinska et al., 2005) .
Interestingly, a recent study suggested that the pectin methylation status affects cellulose deposition. In this report, a genetic screen to identify targets for cobtorin, a drug that causes cell swelling by disturbing the parallel alignment of cellulose microfibrils and microtubules, was undertaken. This screen revealed that the overexpression of a pectin methylesterase and a polygalacturonase suppresses the cobtorin-induced cell swelling phenotype (Yoneda et al., 2010) . Treatment with cobtorin was further shown to increase the methylation ratio of pectins and to change the distribution of methylated pectins. The authors speculated that pectin cross-bridges between cellulose microfibril support and maintain the direction of cellulose microfibrils, and that these cross-links may be disturbed by cobtorin. Hence, the authors suggest pectins to be important for the deposition and/or the maintenance of cellulose microfibril orientation parallel to the cortical microtubules (Yoneda et al., 2010) .
Apart from the interactions of cellulose with pectins and xyloglucans in the primary walls, secondary wall cellulose is embedded in complex lignified matrix (Weng et al., 2008) . Interestingly, the synthesis of cellulose and lignin appears to be coupled to each other. Hence, a decrease in lignin production is generally accompanied by increased cellulose synthesis (Chabannes et al., 2001; Li et al., 2007) . Furthermore, alterations in primary wall cellulose synthesis, such as by treatment with cellulose inhibitors such as isoxaben or thaxtomin A, cause etopic deposition of lignin in Arabidopsis seedlings (Cañ o-Delgado et al., 2003; Bischoff et al., 2009) . Similar effects are also displayed in mutants with defects in primary wall cellulose synthesis (Cañ o-Delgado et al., 2000; 2003) .
CONCLUSIONS
It is estimated that approximately 10% of the Arabidopsis genes are involved in cell wall metabolism (McCann and Carpita, 2008) . In addition to structural wall proteins, this includes proteins involved in polymer biosynthesis, deposition, turnover, modulation, and regulation. So far, only a fraction of these proteins is associated with specific biological functions. Genes involved in, and associated with, cellulose production were initially isolated in forward genetic screens and by co-expression analysis. In the future, it will be important to bring in new approaches, including proteomic and cell biology-based techniques, to further the knowledge regarding cellulose synthesis. One important step will be to clarify the precise composition and stochiometry of CesAs in the membrane-bound rosette structure. Such analyses will help to understand the composition of the complexes during different development stages and perhaps show whether the complexes change their constitution in response to environmental stimuli. This may also answer whether there are distinct CesA complexes, or if certain subunits can partake in both the primary and secondary wall CesA complexes.
Another important question is to find out the biological function of cellulose synthesis-associated proteins, such as COB and CTL1. While it appears difficult to deduce the function using heterologously expressed proteins, the functional context for these proteins may be inferred by other approaches. An essential step will be to identify proteins interacting with these proteins. This may result in the isolation of proteins with known functions that could contextualize the bait proteins. In addition, suppressor screens for the corresponding mutants may be undertaken to find other components that may directly or indirectly work with the suppressed mutant genes. Elucidation of the crystal structure of CESD, a subunit of a bacterial terminal complex, indicated its function in the extrusion of the nascent glucan chain outside of the cell (Hu et al., 2010) and similar approaches might be also useful for plant proteins known to be involved in cellulose production. All these approaches should give clues to the biological functions of the genes/proteins and will also render new candidates associated with cellulose biosynthesis.
Cell wall constituents are of great importance for various industrial applications, such as the paper, textile, and food industries, and recently also for bioethanol production (Carroll and Somerville, 2009 ). These interests have advanced cell wall research with the aim to increase quality and quantity of specific cell wall components (Wegrzyn et al., 2010) . Today, bioethanol is largely produced from either starchy grain species, such as corn, or from sugarcane. However, alternative cellulose-rich plant species are under investigation, including miscanthus and switch-grass, as a source for non-food raw material for bioethanol production (Carroll and Somerville, 2009) . A major obstacle lies in the tight cross-linking of lignin and the cellulose/hemicellulose fraction within the lignocellulose. A better understanding of how cellulose is produced and scaffolded may therefore improve the isolation of simple monosaccharides (preferential glucose) from the cellulose chains of the lignocellulose. 
